malformation. There was a significant influence of breed, with thoracic vertebral 48 malformations occurring more often in neurologically normal French bulldogs (P<0.0001) 49
and English bulldogs (P=0.002). Compared to other breeds, hemivertebrae occurred more 50 often in neurologically normal French bulldogs (93.5%; P< 0.0001 vs. Pugs; P=0.004 vs. 51
English bulldogs) and less often in neurologically normal Pugs (17.6%; P=0.004 vs. English 52 bulldogs). Neurologically normal Pugs were more often diagnosed with transitional vertebrae 53 and spina bifida compared to other breeds (P<0.0001 for both malformations). Of Pugs 54 included in the study, 4.7% were diagnosed with clinically relevant thoracic vertebral 55 malformations. When compared to the general veterinary hospital population, this was 56 significantly more than the other two breeds (P= 0.006). This study indicates that thoracic 57 vertebral malformations occur commonly in neurologically normal screw-tailed 58 brachycephalic dogs. While hemivertebrae are often interpreted as incidental diagnostic 59 findings, they appear to be of greater clinical importance in Pugs compared to other screw-60 tailed brachycephalic breeds. 61
Introduction 65
Congenital vertebral malformations are common incidental findings in small 66 brachycephalic dogs. Although the terminology used for these malformations is controversial, 67 they have been classified as defects in segmentation (block vertebrae), defects in formation 68 (wedge or hemivertebrae) and other defects, including transitional vertebrae and spina bifida 69 (Westworth and Sturges, 2010) . Hemivertebrae are frequently reported in screw-tailed 70 brachycephalic breeds such as the French bulldog (Moissonnier et al., 2011; Aikawa et al., 71 2014; Gutierrez- . Although the exact aetiology is unclear, they are 72 assumed to be hereditary (Schlensker and Distl, 2016 The primary aims of this study were to describe and compare the type and prevalence 95 of thoracic vertebral malformations in French bulldogs, Pugs and English bulldogs with and 96 without associated neurological deficits. It was hypothesised that although thoracic vertebral 97 malformations would occur commonly in each of the three evaluated breeds, they would only 98 rarely result in spinal cord dysfunction. Our secondary hypothesis was that the prevalence of 99 thoracic vertebral malformations would be breed-associated. CT study, sagittal, dorsal and 3D reconstructions were made. MRI was performed with a 1.5 118
Tesla magnet and included a minimum of T2 -and T1weighted sagittal and transverse 119 images. Slice thickness was 3.5 mm in all planes with an interslice gap of 0.9 mm in the 120 sagittal planes and 1 mm in the transverse planes. Imaging studies were independently 121 evaluated by two observers (RR and RGQ for CT studies; RR and SDD for MRI studies), 122 after which a consensus opinion was reached. The observers were not masked to the breed of 123 dog. For each imaging study, the number of thoracic vertebrae were recorded and each 124 thoracic vertebra was subsequently assessed for the presence of hemivertebra, block vertebra, 125 spina bifida and transitional vertebra ( The group of French bulldogs consisted of 52 males and 10 females between 2 and 158 135 months old (median, 19.5; mean, 29.9 months) and weighing between 6.7 and 16 kg 159 (median, 11.45; mean, 11.4kg). All French bulldogs had 13 thoracic vertebrae. Four (6.5%) 160
French bulldogs had no thoracic vertebral malformations, while 58 (93.5%) had one or more 161 hemivertebrae. A total of 243 hemivertebrae were present; nine (14.5%) dogs had single 162 hemivertebrae and 49 (79.0%) had multiple hemivertebrae. T9 was most often affected (n=31 163 dogs), followed by T10 (n=30), T5 and T6 (n=29 for both). Block vertebrae were diagnosed 164 in four (6.5%) French bulldogs; T11-T12 (n=4) were most often affected, followed by T12-165 T13 (n=2). Fourteen (22.6%) dogs had fused dorsal spinous processes. Transitional vertebrae 166
were present in three French bulldogs (4.8%). In these dogs, T13 had characteristics of a 167 lumbar vertebra. Four (6.5%) dogs had vertebrae with evidence of more than one type of The group of English bulldogs consisted of 29 males and 12 females between 10 and 184 132 months old (median, 21.0; mean, 40.9 months) and weighing between 10.3 and 37.1kg 185 (median, 23.25; mean, 23.9kg). All dogs had 13 thoracic vertebrae. Ten (24.4%) English 186 bulldogs had no thoracic vertebral malformations. Thirty (73.2%) dogs had hemivertebrae. A 187 total of 100 hemivertebrae were present; three (7.3%) dogs had single hemivertebrae and 27 188 (65.9%) had multiple hemivertebrae. The most commonly affected vertebra was T9 (n=18), 189 followed by T7 (n=14) and T8 (n=13). Block vertebrae were diagnosed in four (9.8%) dogs, 190 with T11-T12 (n=3) being most frequently affected, followed by T12-T13 (n=1). Eight 191 (19.5%) English bulldogs had fused dorsal spinous processes. Transitional vertebrae were 192 present in four (9.8%) English bulldogs. In three of these dogs, T13 had characteristics of a 193 lumbar vertebra and in one dog, T1 had characteristics of a cervical vertebra. One (2.4%) 194
English bulldog had evidence of spina bifida at T10. Two English bulldogs had vertebrae 195 with characteristics of more than one type of malformation, which consisted of transitional 196 vertebra and hemivertebra (n=1) and a transitional and block vertebra (n=1). could be elicited in two dogs. In each of these dogs, thoracic hemivertebrae were the cause of 209 their clinical signs (Fig. 2) . Other abnormalities, not considered to be associated with clinical 210 signs, included spina bifida at the level of T1 in three Pugs and a transitional T13 vertebra in 211 two Pugs. 212
213

Comparison between breeds 214
There was a significant influence of breed on the overall prevalence of thoracic 215 vertebral malformations in neurologically normal dogs (P< 0.0001). More specifically, 216 neurologically normal French bulldogs had significantly more thoracic vertebral 217 malformations than neurologically normal Pugs (P< 0.0001). Neurologically normal English 218 bulldogs had significantly more thoracic vertebral malformations than neurologically normal 219
Pugs (P= 0.002). There were no significant differences between the other individual breeds 220 (P >0.01). There was a significant influence of breed on the prevalence of hemivertebrae in cord. Therefore, we decided not to compare imaging findings of affected and unaffected dogs 315 directly. Although not evaluated in this study, further classification of hemivertebra subtype 316 might have determined whether a specific hemivertebra subtype was more prevalent in one of 317 the studied breeds and if there was an association with different degrees in spinal kyphosis. A 318 previous study has demonstrated differences in hemivertebra subtyping when survey 319 radiographs and CT were compared (Brocal et al., 2016) . It is possible that differences would 320 also exist when comparing MRI and CT. For this reason, a comparison of hemivertebra 321 subtypes in affected and unaffected dogs was not attempted in our study. It is unclear whether 322 a classification system designed to evaluate specific bony vertebral body abnormalities could 323 be used reliably for MRI. 324
325
Conclusions 326
There is a high prevalence of vertebral malformations in neurologically normal 327 'screw-tailed' brachycephalic breeds and there is a significant influence of breed on the 328 prevalence of each type of malformation. Neurologically normal French bulldogs are 329 significantly more often diagnosed with hemivertebrae than neurologically normal Pugs and 330
English bulldogs, while neurologically normal Pugs are diagnosed with hemivertebra 331 significantly less frequently than neurologically normal French and English bulldogs. 332
However, Pugs are diagnosed with hemivertebra as the cause of neurological deficits more 333 often than the other breeds evaluated. Further studies are needed to evaluate the influence of 334 breed on hemivertebra subtype and the influence of hemivertebra subtype on the degree of 335 vertebral kyphosis. 336 337
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